INTRODUCTION
Lymphoma is a blood cancer consisting of T cells or B cells. Both T cells and B cells are important immune cells in the body. They function to fight against invading microbes or to prevent autoimmune diseases. For unknown reasons, some lymphocytes outlive their lifespan, resulting in lymphoma. Lymphoma may localize to the lymph nodes, blood, spleen, bone marrow or other lymphoid tissues. To date, the pathogenesis of lymphoma is unclear. 1 In lymphoma, the malignant cells usually originate in enlarged lymph nodes. The therapeutic remedies for lymphoma include chemotherapy, radiotherapy and bone marrow transplantation. 2, 3 If the lymphoma mainly localizes in lymph nodes, radiotherapy may be employed. 4 Although resistance to radiotherapy is a well-recognized phenomenon, 5 the underlying mechanism is not fully understood.
Radioresistance allows organisms to live in an environment with high levels of ionizing radiation. Radioresistance may be induced by repeated exposures to small doses of ionizing radiation; 6 the latter is a common procedure in cancer treatment with ionizing radiation. 7 Thus, radioresistance is also a common phenomenon in cancer patients receiving ionizing radiation. 8 The mechanism of radioresistance will be further investigated.
Under healthy conditions, the body has a regulatory system to eliminate sporadic cancer cells. One of the mechanisms is the expression of the p53 protein in the cells. The p53 protein is known as a tumor suppressor that operates by inducing tumor cell apoptosis and death. A number of reports have revealed p53 mutation or suppression in tumor cells, 9, 10 which underscores the importance of the proper function of p53 in immune surveillance in the body. The factors that cause p53 abnormalities are unclear.
Interleukin (IL)-17 is a cytokine secreted by T helper (Th)17 cells. Regulatory T cells (Tregs) may produce IL-17 in a given microenvironment. 11 Published data indicate that IL-17 is associated with the pathogenesis of cancer 11, 12 by playing a role either in tumorigenesis or in the elimination phase of cancer immunoediting 13 and by interacting with p53 in tumor cells.
14 Based on the above information, we hypothesize that IL-17 inhibits p53 expression in lymphoma cells, which prevents lymphoma cell apoptosis. In this study, we observed that irradiation induced IL-6 expression in B lymphoma cells; the IL-6 induced Treg expression of IL-17, which in turn suppressed p53 expression and prevented apoptosis in lymphoma cells.
MATERIALS AND METHODS

Reagents
The antibodies against IL-6 and p53 were obtained from Santa Cruz Biotech (Santa Cruz, CA, USA). The IL-17 protein, neutralizing antibodies to IL-6 and IL-17, and ELISA kits for IL-6 and IL-17 was obtained from R&D Systems (Minneapolis, MN, USA). The fluorochrome-labeled antibodies of Foxp3 and IL-17 were purchased from BD Bioscience (San Jose, CA, USA). The real time RT-PCR reagents were obtained from Invitrogen (Carlsbad, CA, USA).
Cell culture
The k1106 cell line and the BC-3 cell line were purchased from ATCC (Beijing, China) and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100 U/ml penicillin. The medium was changed in every 1-2 days.
Cell viability assay
Cell viability was assessed using the Trypan blue exclusion assay. The cell viability was greater than 98% before use for experiments.
Irradiation k1106 cells were cultured as described above and treated with irradiation using an 8-MV X-ray linear accelerator (Elekta Synergy Platform; ELEKTA Ltd, Stockholm, Sweden) at a dose rate of 255 cGy/min; the total dosage was 0-8 Gy. The control k1106 cells were cultured with medium alone. Six hours after the irradiation, the cells were used for further experiments.
Quantitative real-time RT-PCR (qRT-PCR)
The k1106 cells were washed with phosphate-buffered saline three times. Using Trizol reagents, the total RNA was extracted from the cells. The cDNA was synthesized with a reverse transcription kit following the manufacturer's instructions. The qRT-PCR was performed with a MiniOpticon Real-Time PCR System (Bio-Rad, Shanghai, China). The primers were: IL-6 (NCBI: AF039224), forward, acttcgtgcatgacttcagc; reverse, tctttgttggagggtgaggg. P53 (NCBI: AB082923), forward, tggccatctacaagcagtca; reverse, ggtacagtcagagccaacct. The results of the gene expression assay were calculated with the 2 2DDCt method and presented as the percentage of the internal loading control b-actin.
Western blotting
Total protein was extracted from the cells and quantified with the Bio-Rad protein assay kit. Equal volumes of protein were added to each well and fractioned using SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). The blots were transferred to a nitrocellulose membrane. After blocking with 5% skim milk for 1 h, the membrane was incubated with the primary antibodies (0.2-0.5 mg/ml) for 1 h at room temperature and then incubated with the secondary antibodies (conjugated with horseradish peroxidase) for 1 h. Washes in Tris-buffered saline-Tween 20 were performed after each incubation. The immune complex was developed with enhanced chemiluminescence. The results were recorded with x ray films. The density of the immune blots was assessed with ImageJ software.
Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-6 and IL-17 in the culture supernatant were determined via ELISA using commercial reagent kits (R&D Systems) following the manufacturer's instructions.
Separation of k1106 cells and CD4
1 T cells The mixture of k1106 cells and CD4
1 T cells (Tregs) were separated with a CD4
1 T cell isolation reagent kit (Miltenyi Biotech; San Diego, CA, USA) following the manufacturer's instructions. According to flow cytometry, the purity of the isolated cells was 99%.
Generation of Tregs CD4
1
CD25
2 T cells were isolated from peripheral blood mononuclear cells (isolated from healthy subjects; the procedures were approved by the Human Research Ethics Committee at Guangzhou Medical University) with a reagent kit. Cells were stimulated with immobilized anti-CD3 and anti-CD28 (5 mg/ml each) and cultured with 8 ng/ml TGF-b and 100 U/ml IL-2. Three days later, the generated iTregs were isolated with a reagent kit via magnetic cell sorting. The purity of isolated Foxp3
1 Tregs was more than 95% according to flow cytometry.
Flow cytometry
The frequency of IL-17 1 Foxp3 1 T cells was determined using flow cytometry. The cells were fixed with 2% paraformaldehyde for 30 min and then incubated with 0.1% saponin for 30 min. After washing, the cells were blocked with 1% bovine serum albumin for 30 min, and then the cells were stained with fluorescence labeled anti-IL-17 and anti-Foxp3 antibodies (1 mg/ml) for 1 h at room temperature. The cells were analyzed with a flow cytometer (FACSCanto II; BD Bioscience). The data were analyzed with FlowJo software.
Assessment of apoptosis k1106 cells were stained with propidium iodide (PI) and Annexin V reagent (Sigma-Aldrich) following the manufacturer's instructions. The cells were then analyzed using flow cytometry. A gate was set to exclude the dead cells (PI 1 cells). The frequency of Annexin V 1 cells in the remaining cells was then determined.
Statistical analysis
The data are presented as the means6s.d. The difference between two groups was determined using Student's t-test, and an ANOVA was used for more than two groups. P,0.05 was the level of significance.
RESULTS
Coculture with Tregs confers resistance to irradiation in k1106 cells
The major therapeutic mechanism of irradiation is to induce target cell apoptosis. 15 We therefore assessed the frequency of apoptotic k1106 cells after irradiation. The results showed that irradiation induced apoptosis in k1106 cells in an irradiation dose-dependent manner ( Figure 1A and B) . To test the role of p53 in the radiation-induced k1106 cell apoptosis, an anti-p53 antibody was added to the culture; the apoptotic k1106 cells were 7.17% (irradiation (8 Gy)1anti-p53 antibody) in contrast to those treated with irradiation (8 Gy) alone (Figure 1Af) . The results suggest that p53 is involved in the irradiation-induced k1106 cell apoptosis.
Tregs play a role in facilitating cancer growth. 16 To determine whether Tregs interfere with the irradiation-induced cancer cell apoptosis, we cocultured Tregs with k1106 cells; the cells then were irradiated. As expected, the coculture with Tregs markedly reduced the frequency of the apoptotic k1106 cells in a Treg-dependent manner ( Figure 1C and D) . As a control in a separate experiment, the Tregs were replaced by CD4 1 CD25 2 T cells. The results showed that the CD4 1 CD25 2 T cells did not suppress the apoptosis of k1106 cells (Figure 1Cf and D). Collectively, the results indicate that irradiation can induce k1106 cell apoptosis, which can be blocked by coculture with Tregs.
Irradiation induces IL-6 expression in lymphoma cells
Published data indicate that IL-6 is involved in the pathogenesis of lymphoma and is associated with radiation resistance. 17 The mechanism is unknown. To this end, we treated k1106 cells (a human lymphoma cell line) with irradiation at 0-8 Gy. The cells were collected at the end of culture and processed to determine IL-6 production. The results showed that low levels of IL-6 (5.5% of b-actin mRNA) were detected in k1106 cells treated with medium alone. Irradiation markedly increased the production of IL-6 by k1106 cells in an irradiation dosedependent manner (from 5.5% (0 Gy) to 33.8% (8 Gy) of bactin mRNA). We also measured the levels of IL-6 in the culture supernatants using ELISA. The results showed that IL-6 was increased in culture supernatants, also in an irradiation dosedependent manner, from 7.9 pg/ml (0 Gy) to 87.9 pg/ml (8 Gy).
To strengthen the data, the experiments were repeated with another lymphoma cell line, BC-3 cells. Irradiation increased the production of IL-6 by BC-3 cells in an irradiation dosedependent manner (Figure 2 Figure 3Aa and B); culturing with k1106 cells (Figure 3Ab and B) and treating with irradiation ( Figure 3Ac and B) resulted in marked expression of IL-17 in Foxp3 1 T cells, which was further increased in a combination of culturing with k1106 cells and irradiation (Figure 3Ad and B) . The production of IL-17 was abolished in the presence of anti-IL-6 antibodies ( Figure 3Ae, Af and B) . The levels of IL-17 and Foxp3 were below detectable limits in k1106 cells cultured with medium alone or in k1106 cells treated by irradiation (Figure 3Ag, Ah and B) . IL-17 was also detected in the culture supernatant; the levels of IL-17 were proportionate to the frequency of IL-17 1
Foxp3
1 T cells ( Figure 3C ). The results indicate that the irradiated k1106 cells induce the expression of IL-17 in Tregs.
IL-17
1 Foxp3 1 T cells modulate p53 expression in k1106 cells IL-17
1 Foxp3 1 T cells are related to cancer growth, 11 but the mechanism is not completely understood. Because p53 is a critical protein for inhibiting cancer cell growth, 19 we inferred that the irradiated k1106 cell-generated IL-17 1
Foxp3
1 T cells interfere with the expression of p53 in k1106 cells. To this end, we first assessed the expression of p53 in k1106 cells with or without irradiation. The results showed that p53 expression was not changed in the k1106 cells. We then treated the coculture of k1106 cells and IL-17
1 Foxp3 1 T cells with irradiation; the expression of p53 was suppressed in k1106 cells. To understand whether IL-17 is required in the irradiation-induced p53 suppression in k1106 cells, a neutralizing anti-IL-17 antibody was added to the culture, which abolished the irradiationinduced p53 suppression in k1106 cells. In separate experiments, we treated the k1106 cells with IL-17 in culture, which also suppressed the expression of p53 (Figure 4 ).
IL-17 prevents irradiation-induced k1106 cell apoptosis
The data from Figure 4 imply that IL-17 may induce radioresistance. To test this hypothesis, IL-17 receptor-null and wild-type k1106 cells were treated with irradiation. As analyzed by Annexin V/flow cytometry, the presence of IL-17 markedly suppressed the frequency of apoptotic k1106 cells in an IL-17 dose-dependent manner (Figure 5a-d and f) . A high frequency of the apoptotic cells, including PI 1 /Annexin V 1 and PI 2 / Annexin V 1 cells, was observed in the IL-17 receptor-null k1106 cells (Fig. 5G) 
DISCUSSION
Radiotherapy is commonly used as an efficient treatment for early stage nodular lymphocyte-predominant lymphoma, 20 in which the development of radioresistance is a major drawback. 21 The present study has revealed that, after irradiation, k1106 lymphoma cells express IL-6; the latter induces IL-17 expression in Tregs. IL-17 suppressed the expression of p53 in k1106 cells which compromised apoptosis, thus attenuating the effect of irradiation on inducing apoptosis in k1106 cells.
IL-6 is produced by a number of cell types including monocytes, fibroblasts, endothelial cells and epithelial cells, such as hematological tumor cell lines. 22 Our data are in line with previous data showing that naive k1106 cells produce detectable IL-6, which can be upregulated after irradiation. Other investigators also indicate that a similar phenomenon occurs in the radiotherapy of patients with cancer. 23 By contrast, increases in the production of IL-6 correlate with radioresistance in cancer cell line studies and in clinical observations of cancer patients treated with irradiation. Alberti et al. 24 indicate that exposure to IL-6 promotes tumor cell survival of radiotherapy. Thus, anti-IL-6 therapy is proposed to treat cancer. 25 However, the radioresistance of cancer cells cannot be eliminated by an anti-IL-6 antibody. 26 The present data provide an explanation for this dilemma. The k1106 cells do produce IL-6 after irradiation; it eventually compromises the expression of p53 and affects the apoptosis mechanism in cancer cells.
Published data indicate that Tregs play an important role in the pathogenesis of cancer. Wang et al. 27 indicate that Tregs suppress tumor-specific CD8 1 T cells, thus weakening the anticancer mechanism in the body. Our data reveal another aspect of Tregs involving a phenomenon by which cancer cells may escape from immune surveillance. The data show that after contacting irradiated k1106 cells, Tregs express IL-17, which eventually inhibits apoptosis in the cancer cells. Similar data are also reported by others, namely, that an enhanced Th17 response accompanies tumor induction and progression. However, contradictory findings report that tumor growth is negatively correlated with an increased infiltration of Th17 cells into tumor tissue. 28 It is also reported that whole body ionizing irradiation induces more Treg survival in mice. 29 Our data indicate that there may be another source of IL-17 in the tumor environment, the Tregs, which are involved in tumor survival and growth. 30 TGF-b is a critical immune regulatory molecule of CD4 1
Foxp3
1 Tregs. The k1106 cell-derived IL-6 may collaborate with TGF-b to promote the expression of IL-17 in Tregs.
The p53 protein is an important molecule in suppressing tumor growth. An abnormality in p53 expression is involved in the pathogenesis of cancer. 9, 10 Our data show that radiotherapy can upregulate the expression of p53 in k1106 cells, which is correlated with k1106 cell apoptosis after irradiation. Previous studies indicate that high levels of IL-17 are associated with the low levels of p53 in colorectal cancer.
14 Our study provides further evidence that IL-17 can downregulate the expression of p53 in k1106 cells and further compromise the apoptosis mechanism in these cells.
In summary, the data indicate that irradiation induces IL-6 expression in k1106 cells; the IL-6 induces Tregs to produce IL-17 in collaboration with TGF-b in Tregs. The IL-17 suppresses p53 in k1106 cells to compromise apoptosis, thus promoting k1106 cell survival. The data imply that IL-6 and IL-17 are potential targets in the treatment of lymphoma.
